We describe measurements of spectrally resolved turn-on and turn-off dynamics in a self-starting passively mode-locked fiber soliton laser. An intracavity quantum well optical amplifier whose bias is modulated changes the cavity losses, thereby switching the laser between continuous wave and mode-locked states. We show that during the transients, the laser undergoes a period of self Q switching lasting a few hundreds of microseconds (as determined by the relaxation oscillation frequency in the fiber gain medium) before it reaches steady state.
Several types of passively mode-locked fiber lasers have recently been demonstrated. l-6 The different laser contigurations operate in either a self sustaining modelY2 (meaning they require some form of initial activating trigger) or in a truly self-starting mode.34 A self-starting passively modelocked laser undergoes complicated turn-on transient dynamics before it stabilizes as a regular pulse train generator. In this letter, we describe an investigation of these transients which are related to the laser starting mechanism. To this end, we report time domain and spectral measurements of turn-on and turn-off dynamics in a selfstarting fiber-based soliton laser.
The particular laser structure we investigated is depicted schematically in Fig. 1 . The ring configured laser consists of three main components. A 5-m-long erbiumdoped fiber (EDF) gain medium pumped at 980 nm, a quantum well diode laser optical amplifier' operating, at low bias, as a saturable absorber and pulse stabilizer, and a length of conventional undoped fiber (UDF) providing the required intracavity dispersion and Kerr nonlinearity. In addition, the laser contains two isolators, a polarization controller and the required fiber couplers.
The bias level to the diode amplifier controls the laser operation under steady-state conditions. For bias levels larger than the transparency level, the ring laser emits a continuous wave (cw) output. For zero or low bias levels, the ring laser is passively mode locked emitting a regular pulse train at a rate equal to the ring cavity inverse round trip time. Stability considerations dictate that under passively mode-locked conditions, the laser stabilizes so that the generated pulse constitutes a first order soliton in the intracavity passive fiber. The width of this soliton is determined by the saturated gain bandwidth of the EDF near 1530 nm, -3 nm, which corresponds to a soliton duration of -1 ps. The soliton peak power is determined by the passive fiber dispersion (20 ps/nm km) to be about 30 W. The excess laser energy appears as a cw background. The repetition rate is in the 10-50 MHz range and the laser output on/off ratio is high, typically 1OOOO:l. The nonlinearity of the diode dominates over all other nonlinear mechanisms (such as polarization rotation) which could possibly cause mode locking of the system. An interferometric autocorrelation trace of a typical l.Zps-wide soliton is shown in Fig. 2(a) . The steady-state average output spectrum whose width is 3.2 nm is shown in Fig. 2 (b) . The . spectrum was measured using an ac coupled receiver to ensure that it does not include the spectral content of the cw background signal and hence it represents, exclusively, the pulse train spectrum. The wavelength of the cw component of the output is 1531 nm, roughly at the center of the pulse spectrum.
To study the transient dynamics we need to induce a fast change in the cavity losses.8 This is obtained by modulating the diode drive current with a fast rise time, low frequency pulse train. The laser switches then between a cw state (for the high current drive) and mode locking (for the low current drive) while we measure the time and spectral evolutions of the output signals in both the turn-on and turn-off transitions. The lower part of Fig. 1 depicts the experimental setup. The laser output is coupled into a spectrometer whose output is detected by an ac coupled receiver which feeds a sampling oscilloscope. The oscilloscope is triggered by a pulse generator which in turn feeds
-. the diode with a O-30 mA. lOO--500~ps-wide current pulse at a 1 kHz repetition rate. A laboratory computer controls the spectrometer and sampling oscilloscope. In the transient experiments, a narrow (usually 0.1 nm) spectral window is discretely scanned, in steps of 0.1 nm, over the entire pulse spectrum range of -7 nm ( 1528-1535 nm). At each step, a time domain trace which is synchronized to the current pulse is recorded. Such a time domain trace represents the laser evolution in that particular spectral window as it changes from cw to mode locking and back to cw. Namely, it describes the turn-on and turn-off transients and the two possible steady-state modes. The entire collection of traces represents a spectrally resolved time domain measurement which is the dual' of a time-resolved spectral measurement.
The first result describing the laser transient dynamics is presented in Fig. 3 . In this measurement, the spectrometer was bypassed so the result does not contain any spectral information. The upper trace of Fig. 3 shows the modulating drive signal to the diode and the lower trace shows the laser output. Since the output is detected with an ac coupled receiver, the observed signal in the cw mode is zero. Upon turn on (referred to switching from cw to mode locking), the laser is passively Q switched for nearly 200 ps before evolving into a self-sustaining mode locking state generating -1 ps wide solitons. The self Q-switching results from the difference between the time constants associated with the absorbing diode, which is fast compared to the slow EDF gain dynamics. The Q-switching period is related to relaxation oscillations in the EDF gain medium" occurring as the gain adjust itself between different states of operation when the diode bias changes the cavity losses. The relaxation oscillations are also evident in the early part of the mode-locked state. In the turn-off transient (when the laser changes from mode locking to a cw state), the laser undergoes a similar self Q-switching period, also related to relaxation oscillations in the gain medium. A measurement of the spectrally resolved transient dynamics is depicted in Fig. 4 . Figure 4 (a) describes the turn-on dynamics. We note the self Q-switching state during which the laser spectrum is narrow lasting for 4-5 cycles each being -40 ps long. The amplitude of the Q-switched pulses decays as the spectrum broadens while the laser evolves into a mode-locked state. The modelocked pulses appear in Fig. 4(a) broader than their actual 1 ps width since the measurement spectral window is only 0.1 nm and the detection circuitry bandwidth is 3 GHz.
The spectrally resolved turn-off dynamics (the switch from mode locking to a cw state) are presented in Fig.  4(b) . Similar to the turn-on dynamics, the laser undergoes a self Q-switching interval with a 30-50 kHz repetition rate during which the spectrum narrows. We note that the wavelengths of the Q-switched pulses in both transients
